The promotive effects of brassinosteroids (BRs) on plant growth and development have been widely investigated; however, it is not known whether BRs directly affect nutrient uptake. Here, we explored the possibility of a direct relationship between BRs and ammonium uptake via AMT1-type genes in rice (Oryza sativa). BR treatment increased the expression of AMT1;1 and AMT1;2, whereas in the mutant d61-1, which is defective in the BR-receptor gene BRI1, BR-dependent expression of these genes was suppressed. We then employed Related to ABI3/VP1-Like 1 (RAVL1), which is involved in BR homeostasis, to investigate BR-mediated AMT1 expression and its effect on NH 4 + uptake in rice roots. AMT1;2 expression was lower in the ravl1 mutant, but higher in the RAVL1-overexpressing lines. EMSA and ChIP analyses showed that RAVL1 activates the expression of AMT1;2 by directly binding to E-box motifs in its promoter. Moreover, 15 NH 4 + uptake, cellular ammonium contents, and root responses to methyl-ammonium strongly depended on RAVL1 levels. Analysing AMT1;2 expression levels in different crosses between BRI1 and RAVL1 mutant and overexpression lines indicated that RAVL1 acts downstream of BRI1 in the regulation of AMT1;2. Thus, the present study shows how BRs may be involved in the transcriptional regulation of nutrient transporters to modulate their uptake capacity.
Introduction
In most soils, nitrate and ammonium represent the major forms for nitrogen (N) uptake in higher plants. Owing to the higher abundance of NH 4 + in paddy soils, NH 4 + nutrition is of particular importance for the production of lowland rice (Oryza sativa) . N fertilizer supplied in rice cultivation is partially lost through various pathways, including ammonia volatilization, denitrification, and leaching, which can pollute the atmosphere, aquatic systems, and groundwater (Choudhury and Kennedy, 2005) . Therefore, limiting fertilizer input without reducing crop production and increasing the uptake efficiency of NH 4 + have become important management and breeding strategies in rice. To improve uptake efficiency, it is important to understand the molecular basis and regulation of ammonium transport in root. High-affinity NH 4 + uptake into root cells is mediated by AMT-type ammonium transporters, which in rice encompass a family of 10 AMT paralogs structured in four subfamilies (Suenaga et al., 2003; Loqué and von Wirén, 2004) . Among these, AMT1;1, AMT1;2, and AMT1;3 are of particular importance: AMT1;1 is constitutively expressed in shoots and roots, whereas AMT1;2 and AMT1;3 are specific to roots (Sonoda et al., 2003a) . Overexpression of AMT1;1 enhances NH 4 + uptake and improves plant growth and yield production in rice, at least under specialized N-fertilization conditions (Ranathunge et al., 2014) . In contrast, overexpression of AMT1;3 results in poor growth and lower NH 4 + uptake in rice (Bao et al., 2015) . Although NH 4 + is an energetically favourable N source, external concentrations above 3 mM NH 4 + can provoke inhibited root and shoot growth in Arabidopsis thaliana (Cao et al., 1993) . Rice plants have a high tolerance to toxicity that, in comparison to other grass species, relies on an energetically favourable equilibration of influx and efflux at elevated NH 4 + supplies (Britto et al., 2001) . The transcriptional regulation of AMT genes has been shown to strongly depend on the N nutritional status of the plant and on the external availability of different N forms. Whereas AMT1;1 and AMT1;2 are up-regulated in response to NH 4 + , AMT1;3 is up-regulated by N deprivation (Kumar et al., 2003; Sonoda et al., 2003a) . In Arabidopsis, AMTs are also regulated at the post-transcriptional and post-translational level, such as by NH 4 + -dependent phosphorylation of a C-terminal threonine residue in AMT1;1 which inhibits transporter activity (Yuan et al., 2007; Lanquar et al., 2009) In rice, the transcription factor INDETERMINATE DOMAIN 10 (IDD10) has recently been described to directly activate AMT1;2 and modulate NH 4 + uptake in rice independent of N supply .
Phytohormones appear to be involved in NH 4 + -related plant growth and stress responses. In Arabidopsis, the auxinresistant mutants aux1, axr1, and axr2 are insensitive to NH 4 + -mediated root growth inhibition (Cao et al., 1993) , whereas applying NH 4 + to shoots inhibits lateral root emergence in an AUX1-dependent manner . In addition, ethylene production in shoots is associated with NH 4 + -mediated lateral root inhibition (Li et al., 2013) , and activation of ABA signalling via the chloroplast metalloprotease AMOS1/EGY1 contributes to NH 4 + tolerance (Li et al., 2012) . However, the molecular mechanisms underlying the hormonal regulation of NH 4 + tolerance are largely unknown. Transcriptome studies exploring Arabidopsis gene expression in response to BRs in wild-type plants and in a gainof-function mutant of the BR-regulated transcription factor BES1 have revealed that AtAMT1;1 is up-regulated by the activation of BR signalling (Goda et al., 2004; Yu et al., 2011) .
In general, BRs are perceived by the BRASSINOSTEROID INSENSITIVE 1 (BRI1) receptor, leading to dissociation of BRI1 kinase inhibitor 1 (BKI1) and association of the BRI1-ASSOCIATED RECEPTOR KINASE 1 (BAK1). BRI1-BAK1 activation ultimately results in dephosphorylation and activation of BRASSINAZOLE-RESISTANT 1 (BZR1) and BRI1-EMS-SUPPRESSOR 1 (BES1), two transcription factors that regulate target gene expression in response to BRs (Li and Chory, 1997; Li et al., 2002; Nam and Li, 2002; Kim and Wang, 2010; Yang et al., 2011) . The stability of the proteins BES1 and BZR1 is strongly enhanced in the bes1-D and bzr1-D gain-of-function mutants, respectively, which rescues the dwarf and BR-insensitive phenotype of the bri1 BR-receptor mutant Yin et al., 2002) . In rice, Related to ABI3/VP1-Like 1 (RAVL1) has been identified as an upstream regulator in BR homeostasis, because it binds to the E-box in the promoter sequences of the BR-receptor and BR-biosynthesis genes (Je et al., 2010) . Like Viviparous 1/Abscisic Acid-Insensitive 3 (VP1/ABI3) and Related to ABI3/VP1 (RAV), RAVL1 contains a B3 DNA-binding domain. However, unlike RAV, RAVL1 does not have an AP2 domain (Riechmann et al., 2000) .
Against this background, we addressed the question whether there is a promotive effect of BRs on nutrient uptake. We investigated a direct regulatory link between BRs and the transcriptional regulation of AMTs in rice that is mediated via RAVL1. First, we analysed the effect of BRs on AMT1 expression using mutants of the BR-receptor gene BRI1 and of the E-box-binding transcription factor gene RAVL1. We also examined the expression patterns of AMT1 family members in the roots of the BRI1 mutant d61-1, RAVL1 mutants, and RAVL-overexpressing lines. Genetic combinations between BRI1 and RAVL1 were utilized to analyse the relationship between BR signalling and RAVL1-mediated AMT1;2 activation. We also measured cellular ammonium contents, 15 N abundance, and sensitivity to methyl-ammonium (MeA) to determine whether RAVL1 influences ammonium uptake in rice roots. This report presents evidence that BR-dependent ammonium uptake is regulated via RAVL1.
Materials and methods

Plant materials and growth conditions
The rice lines ravl1, ravl1 revertant, d61-1, ravl1;d61-1, RAVL-ox (overexpression), d61-1; ravl1 were propagated in the greenhouse and in the field. The line ravl1 is a Ds insertion mutant, while the revertant carries two additional amino acids, which came in after Ds excision and produce the same phenotype as the wild type (Je et al., 2010) . Crossings of ravl1 and d61-1, ravl1 and bri1-D, as well as RAVL1-ox and d61-1 have previously been described (Je et al., 2010) . The daily temperatures in the field and greenhouse typically ranged between 35°C and 28°C. To examine the effects of BRs on gene expression, plants were grown in distilled water (dH 2 O) for 7 days and transferred to dH 2 O containing different concentrations of brassinolide (BL). Whole roots were sampled 3 h after BL application. The following growth conditions were used to examine the effects of NH 4 + on gene expression: after germination, plants were grown in dH 2 O in the greenhouse for 14 days. The seedlings were grown for an additional 3 days in N-free nutrient solution (Abiko et al., 2005) . Seedlings were then transferred to the same nutrient solution containing 0.5 mM (NH 4 ) 2 SO 4 at pH 5.5. Whole roots were harvested 0 and 3 h after the addition of (NH 4 ) 2 SO 4 . To examine the effect of MeA on root growth, seeds of germinating wild type, ravl1, 
ChIP assay
For the ChIP assay, 8 g of rice calli from transgenic plants expressing 35S:RAVL1-GFP and 35S:GFP were prepared. Pre-absorption with a pre-immune serum was performed before immunoprecipitation with an anti-GFP monoclonal antibody (Clontech, Mountain View, CA, USA). Immunoprecipitates were analysed by quantitative PCR (qPCR). Each input DNA level was used as a control to normalize the contents of immunoprecipitated DNA in the qPCR assay (Je et al., 2010) . The primers used for ChIP-PCR are listed in Supplementary Table S1 .
EMSA
To produce RAVL1 recombinant proteins, full-length RAVL1 ORF sequences were subcloned into the pET28a expression vector, and the resulting pET28a-RAVL1 plasmid was used for transformation of Escherichia coli strain BL21 DE3. Recombinant proteins were harvested after 3 h of 0.4 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) treatment at 27°C. For EMSA, a standard binding reaction was performed in a total volume of 20 µL by incubating 1 µg of purified protein with 40k curie per minute (cpm) of a 32 P-labelled DNA probe and 1 µg of poly 2′-deoxyinosinic-2′-deoxycytidylic acid (dI-dC), which blocks non-specific binding of proteins to the probe DNA, in reaction buffer (25 mM HEPES-KOH, pH 7.5, 100 mM KCl, 0.1 mM EDTA, 10% [v/v] glycerol, 1 mM DTT) at room temperature for 30 min. The binding reaction products were resolved on an 8% polyacrylamide gel run in 0.5× Tris-Borate-EDTA (TBE) buffer (Je et al., 2010) . For probe labelling, 20-nucleotide DNA fragments were synthesized and end-labelled with [γ-32 P]-labelled ATP using T4 polynucleotide kinase (NEB, Ipswich, MA, USA). Primers used to obtain the EMSA probes are listed in Supplementary Table  S2 , available at JXB online.
Transcriptional activity analysis
Constructs harbouring an effector (35S:RAVL1), reporters (pWT and mutated promoter pmp3, pmp4, and pmp34-GUS fusions), and an internal control (35S:LUC) were used to co-transform Arabidopsis protoplasts (Yamaguchi et al., 2010) . To generate p35S:RAVL1, the GAL4BD region of the p35S:GAL4BD vector was replaced by RAVL1 cDNA. To obtain the reporter vectors, a 3-kb AMT1;2 promoter sequence was constructed, in which a 2-kb genomic fragment was isolated by PCR and the remaining 1 kb of DNA containing the E-box elements was synthesized (Sangon Biotech, http://www.sangon.com). In the mutated promoters, E-box element sequences (CANNTG) were substituted by the sequence TTTTTT. Native and mutated promoters of AMT1;2 were cloned into the p35S:TATA:GUS vector by replacing the 35S:TATA region with AMT1;2 promoters. To generate 35S:LUC, the GAL4BD region of p35S:GAL4BD was replaced with the 1.7-kb coding region of the luciferase gene. GUS expression was normalized against luciferase expression . Polyethylene glycol (PEG)-mediated transformation and activity assays were performed as described previously (Yoo et al., 2007) .
Determination of ammonium contents
Enzymatic determination of ammonium contents in roots was performed using an F-kit (Roche, Welwyn Garden, UK) according to the manufacturer's instructions (Oliveira et al., 2002) .
15
N uptake analysis For hydroponic culture, rice seeds of selected lines (wild type, ravl1, ravl1 revertant, and two independent RAVL1-overexpressing lines) were sterilized with 0.1% Previcur N (Bayer, Monheim, Germany) for 15 min and germinated on paper towels at 37°C for 3 days. Seedlings were transferred and pre-cultured in deionized water for 2 weeks, followed by growth in N-free nutrient solution (Sonoda et al., 2003b) for 3 days before 15 NH 4 + uptake analysis. Plants were grown in a climate-controlled chamber under a 14 h/37°C and 10 h/30°C day-night cycle at 60% relative humidity.
The influx of 15 N-labelled NH 4 + into rice roots was measured by washing the roots in 1 mM CaSO 4 solution for 1 min, followed by incubation of the roots for 6 min in N-free nutrient solution (pH 5. 
Statistical analysis
Statistical calculations were done using Prism 5 (GraphPad, San Diego, CA, USA). All data were expressed as mean ± SE. Comparisons between the groups were performed by using oneway ANOVA (Brady et al., 2015) , followed by Bonferroni's multiple comparison test. P values of <0.05 were considered statistically significant.
Results
AMT1 transcript levels are up-regulated by BR in a BRI1-dependent manner
To examine whether BR influences AMT1 expression in rice, we treated wild-type plants with a series of BL concentrations (0, 10, 100, and 200 nM) and compared their effect on AMT1 transcript levels. We found that AMT1;1 and AMT1;2 transcript levels were up-regulated by BR in a dose-dependent manner, whereas AMT1;3 was not affected by BR treatment (Fig. 1A , Supplementary Table S3, available at JXB online). To evaluate whether BRI1 mediates the BR-induced expression of AMT1 genes, we exposed the weak BRI1 mutant d61-1 and wild-type plants to 100 nM BL solution before quantifying AMT1 mRNA levels. In the absence of BR, AMT1;2 and AMT1;3 transcript levels were slightly lower in d61-1 than in wild-type plants. Three hours after BL treatment, AMT1;1 and AMT1;2 expression in wild-type plants increased by approximately 45% and 55%, respectively, compared with the untreated control. By contrast, in BR-treated d61-1, AMT1;1 and AMT1;2 expression increased by only 8%, and 16% respectively (Fig. 1B, Supplementary Table S3 ). These results suggest that BRI1 is involved in BR-dependent transcriptional induction of AMT1;1 and AMT1;2.
AMT1;2 mRNA expression levels correlated with RAVL1 expression independently of BR-mediated induction
Rice RAVL1 encodes an E-box-binding transcription factor that affects BR homeostasis by directly regulating the expression of BRI1 and BR-biosynthesis genes via binding to the corresponding promoter sequences (Je et al., 2010) . To examine whether RAVL1 is involved in BR-mediated induction of AMT1, we treated ravl1 and RAVL1-ox plants (Je et al., 2010) with 100 nM BL and examined the transcript levels of AMT1;1, AMT1;2, and AMT1;3 in these plants. Among the RAVL1-overexpressing lines in which we investigated AMT1 expression, the line OX83 showed the highest RAVL1 transcript levels ( Supplementary Fig. S1 , available at JXB online). Transcript levels of AMT1;1 were not different according to RAVL1 expression but they increased in all lines upon BL treatment. Transcript levels of AMT1;2 and AMT1;3 were significantly lower in ravl1 mutants irrespective of BR supplementation. However, the expression of AMT1;3 was similar between RAVL1-ox and the wild type under both conditions. Only the mRNA levels of AMT1;2 correlated with RAVL1 expression levels (Fig. 2) . Even without BR treatment, the expression of AMT1;2 was slightly lower in ravl1 and 2-fold higher in RAVL1-ox compared with the wild type. Upon BR treatment, the expression level of AMT1;2 was 1.7-fold higher in the wild type and 3.8-fold higher in RAVL1-ox relative to the wild type before treatment, whereas the mRNA level of AMT1;2 in BR-treated ravl1 was only 1.2-fold higher than that in the wild type before treatment. However, when the ratios of AMT1;2 expression before and after BR treatment (calculated as the expression after BR treatment divided by the expression before BR treatment) were examined in wild type, ravl1, and RAVL1 OX83, the fold inductions of AMT1;2 mRNA after treatment were 1.91, 1.86, and 1.87, respectively (Supplementary Table S4 , available at JXB online), indicating that AMT1;2 mRNA levels correlated with RAVL1 expression, which is independent of BR-mediated induction of AMT1;2. The expression of AMT1;3 was lower in ravl1 than in the wild type, while it was similar in RAVL1-ox and the wild type under both conditions. This experiment shows that AMT1;2 transcript levels are affected by both BR application and RAVL1 gene expression levels.
RAVL1 directly binds to and activates the AMT1;2 promoter
The consistent dependence of AMT1;2 transcript levels on RAVL1 expression suggested that RAVL1 acts as a transcriptional activator of AMT1;2. To examine the possibility that RAVL1 binds directly to the AMT1;2 promoter, we performed ChIP assays using 35S:GFP and 35S:RAVL1-GFP transgenic plants. Promoter-sequence analysis revealed nine E-box elements located within a 3-kb region of the AMT1;2 promoter (Fig. 3A) . We examined GFP-immunoprecipitated from 35S:GFP and 35S:RAVL1-GFP transgenic plants by qPCR using four primer sets that amplify four regions (P1− P4) covering most E-box motifs in the AMT1;2 promoter. Among these four regions, much higher levels of P3 and P4 fragments were immunoprecipitated from 35S:RAVL1-GFP plants compared with 35S:GFP plants (Fig. 3B) . ChIP assays revealed that RAVL1 binds to the P3 and P4 regions of the AMT1;2 promoter. Because the P3 and P4 fragments harbour six putative E-box elements (Fig. 3A) , we performed EMSA experiments to determine which E-box elements are responsible for the binding affinity to RAVL1 using six probes, each containing individual E-box elements. The results indicate that RAVL1 binds to the E-boxes in position '1', '3', '5', and '6' in the P4 and P3 regions. RAVL1 showed the strongest affinity to E-box element '1' and the weakest affinity to E-box elements '3' and '6' (Fig. 3C) .
To verify whether these cis-elements are responsible for the transcriptional activation of the AMT1;2 promoter by RAVL1 in vivo, we performed transient expression assays using the Arabidopsis protoplast system (Fig. 3D) . Protoplasted cells were co-transformed with the 35S:RAVL1 plasmid and a vector expressing GUS under the control of one of four different types of 3-kb-long AMT1;2 promoters, including the native (pWT) and three mutated (pmP3, pmP4, and pmP34) promoters. The pmP3 promoter carried mutations in E-boxes '3', '5', and '6' of the P3 region, while pmP4 contained a mutated E-box '1' in the P4 region, and pmP34 contained all four E-box mutations of pmP3 and pmP4. In these mutated promoters, E-box element sequences (CANNTG) were substituted by the sequence TTTTTT. Using 35S::LUC as an internal control to normalize transformation efficiency in each assay, protoplasts expressing RAVL1 under the pWT promoter had approximately 2-fold higher GUS activity than protoplasts expressing the reporter alone. Meanwhile, GUS activity in cells containing each of the mutated promoters (pmP3 and pmP4) was approximately 30% lower than that from cells harbouring the native promoter (pWT). Finally, RAVL1 was unable to activate pmP34, in which all RAVLlbinding E-box elements were mutated (Fig. 3D) . These results indicate that RAVL1 activates AMT1;2 expression via direct binding to the promoter of AMT1;2.
RAVL1 influences NH 4 + uptake in roots
To determine whether RAVL1 affects NH 4 + uptake in roots, we examined the uptake of 15 N-labelled ammonium, as well Fig. 2 . BR-mediated AMT1 expression in ravl1 and RAVL1-overexpressing (OX83) plants. Rice plants were grown in distilled water for 7 days before being treated with 100 nM BL for 3 h. qRT-PCR was performed to determine the expression levels of AMT1 genes before and 3 h after BL treatment. Whole roots were sampled from wild-type (WT), ravl1, and RAVL1-overexpressing lines. Sample mRNA levels were normalized to those of Ubiquitin mRNA. Data represent means ± SE (n = 3). Significant differences at P < 0.05 level are indicated by different letters. Fig. 3 . Activation of AMT1;2 by RAVL1 via binding to E-box elements in its promoter. (A) Schematic diagram indicates E-box locations (oval) in the AMT1;2 promoter and probes (P) used for the ChIP assays. Red lines below E-box elements indicate probes used in the EMSA assay. (B) ChIP assay was performed by amplifying immunoprecipitated DNA to detect E-box regions within the 3-kb AMT1;2 promoter. Relative ratios of immunoprecipitated DNA to input DNA were determined by qPCR. Input DNA was used to normalize the data. Data represent means ± SE (n = 3). Transgenic plants expressing GFP were used as a control. (C) EMSA was performed to evaluate RAVL1 affinities to each of six E-box elements (1-6) located in the AMT1;2 promoter. (D) A transient expression assay was performed by co-transfection with p35S:RAVL1 and each of the vectors expressing GUS under the control of native and E-box-mutated AMT1;2 promoters. The activation of native promoter (pWT) and promoters with mutated E-box elements on P3, P4, or both P3 and P4 were measured in protoplasts that were co-transformed with p35S:RAVL1. The luciferase gene driven by the 35S promoter was used as an internal control to normalize GUS expression data. Error bars are ± SE of the means (n = 3). pWT is the native promoter; the mp3 promoter carries a mutation in E-box '1'; mp4 contains mutations in E-boxes '3', '5', and '6'; and mp34 carries mutations in E-boxes '1', '3', '5', and '6'. Significant differences at P < 0.05 level are indicated by different letters.
as MeA sensitivity and NH 4 + concentrations in root tissues of wild-type, ravl1, ravl1 revertant, and RAVL1-overexpressing plants. Specifically, we determined the short-term influx of 15 N-labelled ammonium in 17-day-old hydroponically grown plants that were exposed to 200 µM of 15 NH 4 + for 6 min. Expressing 15 N influx in micromoles per gram of root dry weight per hour (Yuan et al., 2007; Yuan et al., 2013) , 15 NH 4 + influx in the ravl1 mutant was only 50% of that of the wild type, whereas the 15 NH 4 + influx in the revertant and the two overexpressing lines was similar to that of the wild type (Fig. 4) . By contrast, when '15N abundance' was compared, which represents the percentage of 15 N to 14 N in the total N pool, 15 N acquisition was only 25% lower in the ravl1 mutant but 6-14% higher in the overexpressing lines than in the wild type ( Supplementary Fig. S2 , available at JXB online). Here, only the strongest overexpressing line showed a significant increase over the wild type (P < 0.01). This dual comparison appeared appropriate because ravl1 already contained 30% less total N in roots than the wild type before the influx experiment, which magnifies the difference in 15 N contributed during the influx period between the ravl1 mutant and wild type. Taken together, these short-term NH 4 + uptake experiments show that the NH 4 + uptake capacity is promoted by RAVL1. To examine whether RAVL1-mediated induction of AMT1;2 affects long-term NH 4 + uptake in roots, we measured internal NH 4 + concentrations in the roots of 3-day-old ravl1 and RAVL1-ox seedlings grown on 0.5× MS medium, and found that ravl1 accumulated less NH 4 + , while RAVL1-ox accumulated more NH 4 + , than the wild type (Fig. 5A) . Furthermore, we grew germinating seeds of wild-type, ravl1, and RAVL1-ox plants on NH 4 + -free medium containing different concentrations of the toxic ammonium analogue MeA for 6 days of growth. Without MeA treatment, the lengths of seminal roots were similar in all samples. With MeA treatment, ravl1 developed longer roots than the wild type, whereas RAVL1-ox developed significantly shorter roots than the wild type (Fig. 5B, Supplementary Fig. S3 , available at JXB online). These observations indicate that ravl1 is less sensitive to MeA, whereas RAVL1-ox is more sensitive to MeA, than the wild type. Thus, RAVL1 also promotes the uptake of NH 4 + and MeA in rice roots over the long term.
RAVL1 affects AMT1;2 downstream of BRI1 signalling
Both d61-1 and ravl1 suppressed AMT1;2 expression. To evaluate how the relationship between RAVL1 and BRI1 affects the expression of AMT1;2, a genetic approach was employed. One crossing was performed between d61-1 and RAVL1-ox, while the other crossing was between ravl1 and bri1-D, a BRI1-overexpression line isolated from a T-DNA activation tagging population (Jeong et al., 2002) . We then examined BR-dependent induction of AMT1;2 in the first set of lines, including d61-1, RAVL1-ox, d61-1;RAVL1-ox, and wild type. After roots were exposed for 3 h to BL, both RAVL1-ox and d61-1;RAVL1-ox lines had higher AMT1;2 mRNA levels than wild type, while those of d61-1 were lower (Fig. 6A) . Subsequently, we compared AMT1;2 expression in bri1-D, ravl1, and a bri1-D;ravl1 double mutant line. AMT1;2 mRNA levels were again lower in ravl1 but higher in bri1-D both with or without BR treatment. Meanwhile, the presence of ravl1 prevented AMT1;2 from being up-regulated in bri1-D;ravl1 (Fig. 6B ). However, it should be noted that the induction magnitudes (the ratios of the expression levels after to those before induction) of AMT1;2 were similar between the wild-type plant and plants with genetic combinations of RAVL1 and BRI1 (Supplementary  Table S5 , available at JXB online). These data demonstrate that RAVL1 constitutively activates AMT1;2 downstream of BRI1 signalling under non-induction and induction conditions. To further evaluate the relationship between ravl1 and d61-1, we compared MeA sensitivity and seminal root length among ravl1, d61-1, d61-1;ravl1, and wild type after exposure to MeA (Fig. 6C) . In the absence of MeA, the lengths of seminal roots were similar in all lines. In presence of 2 mM MeA, however, MeA-dependent repression of seminal root length was less in d61-1, ravl1, and d61-1;ravl1 than in the wild type. In addition, there was no significant difference in root length among d61-1, ravl1, and d61-1;ravl1 (Fig. 6C) . Therefore, no additive effect of the ravl1 and d61-1 mutations was detected on root growth under MeA. To further confirm the relationship between RAVL1 and BRI1, we grew d61-1, RAVL-ox, d61-1;RAVL1-ox, and wild-type sibling plants for 6 days on NH 4 + -free medium containing different concentrations of MeA and analysed their primary roots. In the presence of 1 and 2 mM MeA, d61-1 developed longer roots than the wild type, while the roots of both d61-1;RAVL1-ox and RAVL1-ox were similar in length but shorter than those of the wild type ( Supplementary Fig. S4 , available at JXB online). In the presence of 3 mM MeA, d61-1;RAVL1-ox and RAVL1-ox had similar root lengths, but developed shorter seminal roots than d61-1 and the wild type. Taken together, these data indicate that RAVL1 activates AMT1;2 expression and consequently enhances MeA sensitivity, which takes place downstream of BRI1-mediated BR signalling. 
NH 4
+ influx in roots of selected rice plants. Wild-type (WT), ravl1, revertant (Rev), and two independent RAVL1-overexpressing lines were grown hydroponically in deionized water for 2 weeks, followed by growth in nitrogen-free nutrient solution for 3 days. Ammonium uptake into rice roots was determined after exposure to 200 µM 15 N-labelled NH 4 + . Bars represent means ± SD (n = 6). Significant differences at P < 0.05 level are indicated by different letters.
Influence of RAVL1 and BRI1 on the expression of AMT1;2, which is independent of NH 4 + -mediated induction
Because AMT1;2 is highly induced by NH 4 + , it was important to explore the possibility that BRI1 and RAVL1 may influence NH 4 + -induced expression of AMT1;2. We therefore examined NH 4 + induction of AMT1;2 in the d61-1 and ravl1 mutants and RAVL1-ox plants (Fig. 7A, B) . To analyse NH 4 + -mediated AMT1;2 expression, 17-day-old seedlings grown in dH 2 O and N-free nutrient solution were transferred to nutrient solution containing 0.5 mM (NH 4 ) 2 SO 4 , and whole roots were sampled at 0 and 3 h after the addition of NH 4 + . Even in the absence of external NH 4 + , the basal expression levels of AMT1;2 were slightly lower in d61-1 and ravl1 but 2-fold higher in RAVL1-ox than in the wild type (Fig. 7A, B) . Upon NH 4 + treatment, the expression level of AMT1;2 increased by 15-fold in the wild type and 20-fold in RAVL1-ox compared with the wild type before treatment, while that in ravl1 and d61-1 increased by 10-and 11-fold. However, when the ratios of AMT1;2 expression before and after NH 4 + -induction were examined, the fold inductions of AMT1;2 mRNA were similar between wild type, d61-1, ravl1, and RAVL1 OX (Supplementary Table S6 , available at JXB online). Therefore, RAVL1 and BRI1 regulate the expression of AMT1;2 independently of NH 4 + treatment. The above-mentioned lines with modulated RAVL1 expression were examined in different BR-sensitive backgrounds. Both RAVL1-ox and d61-1;RAVL1-ox contained higher AMT1;2 mRNA levels than wild type (Fig. 7C) . By contrast, d61-1 contained lower AMT1;2 mRNA levels than the wild type. Furthermore, the mRNA levels of AMT1;2 were lower in ravl1 but higher in bri1-D with or without NH 4 + treatment. However, the mRNA levels of AMT1;2 in bri1-D;ravl1 were similar to those of ravl1 (Fig. 7D) . In addition, we also examined NH 4 + -mediated AMT1;2 expression in wild-type, d61-1, ravl1, and d61-1;ravl1 plants ( Supplementary Fig.  S5 , available at JXB online). AMT1;2 levels were lower in d61-1, ravl1, and d61-1;ravl1 than in the wild type in the absence or presence of NH 4 + , but there was no significant difference in AMT1;2 transcript levels among these three lines (Supplementary Fig. S5 ). The data suggest that RAVL1 acts downstream of BRI1 in the regulation the AMT1;2 expression. However, it should be noted that the magnitudes of NH 4 + -mediated induction (the ratio of the expression level after to that before induction) of AMT1;2 were similar between wild type and genetic combinations of RAVL1 and BRI1 (Supplementary Table S6 ). Taken together, these results indicate that RAVL1 constitutively activates AMT1;2 downstream of BRI1 independently of NH 4 + -mediated induction.
Discussion
Although BRs are known for their growth-promoting effect, it is unclear whether this effect is also evident at the level of nutrient uptake. Genome-wide expression analysis of BR-treated wild-type and bes1-D Arabidopsis plants has revealed that activation of BR signalling up-regulates the expression of the ammonium transporter gene AtAMT1;1 (Goda et al., 2004; Yu et al., 2011) . This putative link between BRs and AMT expression suggests that ammonium uptake by roots may be coordinated with the growth-stimulating effect of BRs. In the present study, we tackled this issue by determining the transcript levels of ammonium transporter genes and their impact on ammonium uptake by rice roots in lines with modulated expression of genes involved in BR homeostasis. We found that these genes, especially the NH 4 + transporter gene AMT1;2, are highly sensitive to BRs and upregulated by BRs in conjunction with higher NH 4 + uptake, and that this BR-dependent regulation is mediated by direct binding of the transcription factor RAVL1 to the AMT1;2 promoter. Because this regulation occurs downstream of BR signal perception, AMT1;2-mediated NH 4 + uptake represents a physiological response involved in BR-mediated growth promotion.
Three lines of evidence demonstrate the importance of RAVL1 in coordinating ammonium uptake with BR signalling. First, BL treatment increased AMT1;2 transcript levels in roots, as determined by assessing the transcript levels of AMT1 genes under exogenous BL treatment. This BL-mediated induction was modulated by RAVL1 (Figs 1 and 2) . Even in the absence of BL, AMT1;2 transcript levels were lower in the ravl1 mutant but higher in the RAVL1-overexpressing line than in the wild type. Second, higher AMT1;2 transcript levels were also associated with higher NH 4 + uptake capacity. We measured the uptake of 15 N-labelled NH 4 + into roots of rice plants with modulated RAVL1 expression. Irrespective of whether NH 4 + uptake rates were compared at the level of 15 N abundance or 15 N influx, NH 4 + uptake was significantly lower in the ravl1 mutant than in the wild type (Fig. 4, Supplementary Fig. S2 ), which could be explained by down-regulation of both AMT1;2 and AMT1;3 (Fig. 2) . This notion was further supported by a comparison to the RAVL1-overexpressing lines, whose roots were enriched in 15 NH 4 + compared to the wild type (Fig. 4) . In this case, the lack of a significant increase in NH 4 + influx may have been due to post-transcriptional or post-translational down-regulation of AMT transcript levels (Yuan et al., 2007) or AMT protein activity in the presence of ammonium (Lanquar et al., 2009; Yuan et al., 2013) . Third, MeA sensitivity increased with increasing expression of RAVL1 in transgenic lines, as determined from root length measurements in the presence of MeA (Fig. 5A, Supplementary Fig. S3 ).
In rice, the growth of primary roots was inhibited by MeA in a dosage-dependent manner whereas the growth of shoots was relatively unaffected by this treatment during young seedling stages ( Supplementary Fig. S6 , available at JXB online). In Arabidopsis, MeA has a significant effect on not only shoot but also root growth (Yuan et al., 2007; Yuan et al., 2013) . Moreover, higher expression levels of RAVL1 were also associated with increased ammonium concentrations in the root tissue (Fig. 5B) . The observation that all of these NH 4 + uptake-related traits were affected in these lines, even in the absence of external BR supplementation, suggests that RAVL1 acts as a positive regulator of NH 4 + uptake under any physiologically favourable growth condition. Thus, we conclude that NH 4 + uptake is coordinated with the general growth-promoting action of BRs via RAVL1.
AMT1;2 transcript levels were highly dependent on RAVL1 expression levels, which served as an indication of RAVL1-dependent ammonium uptake in root (Fig. 2,  Supplementary Fig. S2 ). Given that RAVL1 is known to bind to E-box elements in the promoters of BRI1 and BR-biosynthesis genes to activate their transcription (Je et al., 2010) , we addressed the question of whether RAVL1 directly regulates AMT1;2 expression. Promoter sequence analysis revealed that nine E-box motifs are present in the 3-kb promoter region of AMT1;2. Further experimental approaches including EMSA, ChIP, and transient gene expression assays were employed, which demonstrated that RAVL1 directly activates AMT1;2 transcription via binding to four E-box motifs in its promoter (Fig. 3) .
BR-and NH 4 + -mediated expression patterns of AMT1;2 in ravl1 and RAVL1-ox plants indicated that RAVL1 constitutively activates AMT1;2 expression with or without external signal stimuli (Figs 2, 6 and 7). BRI1 functions as a receptor in BR signalling to positively regulate the BR-dependent induction of AMT1;2 (Fig. 1) . Moreover, roots of the BRI1 mutant d61-1 accumulated less NH 4 + and were less sensitive to MeA than the corresponding wild type, suggesting that BRI1 positively regulates AMT-mediated NH 4 + uptake in , and WT plants were grown in distilled water for 7 days before treatment with 100 nM BL for 3 h. qRT-PCR was performed to determine the expression levels of AMT1;2 genes before and 3 h after BL treatment. Sample mRNA levels were normalized to those of Ubiquitin mRNA. Data represent means ± SE (n = 3). All AMT1;2 mRNA levels are shown as relative ratios of the WT mRNA level before BL treatment (WT at 0 h). (C) d61-1, ravl1, ravl1;d61-1, and WT were grown for 6 days with or without 2 mM MeA in modified 0.5× MS medium with 1 mM KNO 3 as the sole N source. Primary root growth was measured in plants exposed to MeA. Data represent means ± SE (n > 10 plants per line). Significant differences at P < 0.05 level are indicated by different letters.
roots (Fig. 5) . To further address the relationship between the BR receptor BRI1 and the key regulator of BR homeostasis, RAVL1, in the regulation of AMT1;2, we employed rice lines with three different combinations of RAVL1 and BRI1 gene expression levels: a line overexpressing RAVL1 in the d61-1 background, a line overexpressing BRI1 (bri1-D) in the ravl1 background, and a line expressing a mutated RAVL1 (ravl1) in the d61-1 background. Examining BR-or NH 4 + -mediated induction of AMT1;2, MeA sensitivity, and cellular NH 4 + contents showed that BRI1 activation of AMT1;2 requires RAVL1 and that RAVL1 overexpression activates AMT1;2 independently of BRI1 activity. In addition, the AMT1;2 expression pattern in a double mutant of RAVL1 and BRI1 was similar to that of the single mutants, suggesting that RAVL1 acts downstream of BRI1 signalling in the regulation of AMT1;2 expression. Furthermore, a comparison of MeAmediated root growth between RAVL1-ox and d61-1;RAVL1-ox, or between ravl1, d61-1, and ravl1;d61-1, as well as the cellular NH 4 + content of RAVL1-ox versus d61-1;RAVL1 ox, further supported the notion that transcriptional regulation of AMT1;2 via RALV1 plays a role in the BRI1-dependent promotion of plant growth by BRs. Je et al., (2010) showed that RAVL1 mediates specific growth responses to BR in roots and regulates BR homeostasis by directly activating both BRI1 and BR-biosynthetic genes. In addition, the current results show that RAVL1 activates the expression of AMT1;2 by directly binding to E-box motifs in its promoter. Therefore, it is reasonable to conclude that RAVL1 is a key player in coordinating the expression of genes for ammonium uptake and BR-dependent plant growth. Our study further establishes a relationship between RAVL1 and BRI1-mediated BR signalling involving AMT1;2 expression, in which RAVL1 acts on AMT1;2 expression downstream of BRI1.
The major ammonium transporter genes AMT1;1 and AMT1;2 are highly induced by ammonium in rice roots. Little is known about the molecular mechanisms underlying the ammonium-mediated induction of AMT1 genes. The current results show that BRI1 influences the NH 4 + -induction of these genes, which implies that complex regulatory mechanisms modulate AMT1 expression. Nonetheless, our results support the notion that regulatory mechanisms for nutrient uptake share common genetic components with those for phytohormone-mediated growth and development. However, the expression of RAVL1 was not affected by BR or NH 4 + ( Supplementary Fig. S7 , available at JXB online), which indicates that RAVL1 is not directly involved in perceiving these external signals.
In Arabidopsis, BZR1 directly targets GATA Nitrateinducible and Carbon metabolism involved (GNC/GATA21), suggesting that GNC plays a role in BR-dependent regulation of chloroplast development and N metabolism (Sun et al., 2010) . In the current study, each member of the AMT1 gene family exhibited different expression patterns in response to BR. For instance, RAVL1 did not appear to regulate AMT1;1 expression, even though BR induced AMT1;1 expression in roots. By contrast, AMT1;3 expression in the ravl1 mutant was not induced by exogenous BR treatment. These findings suggest that the individual AMT1 genes are subject to different BR-mediated regulatory circuits. These findings also indicate that a complex interaction exists between hormonal and nutrient signalling in plants. Further genetic and molecular studies are required to elucidate these complex regulatory interactions during ammonium uptake in plants.
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